INTRODUCTION
Up to 85% of individuals hospitalized following stroke will initially present with upper limb (UL) dysfunction (1) and many of these individuals never fully regain functional use of their arm and hand (2). An important step in addressing deficits and establishing effective UL rehabilitation programmes is the refinement of outcome measures so that they are valid and reliable in assessing the nature and extent of the problem and documenting changes in ability.
The 3 upper limb subscales of the Motor Assessment Scale (UL-MAS) were developed as clinical and research tools (3) objectively and reliably to quantify arm and hand motor recovery following stroke (4, 5) . An ordinal score is assigned based on the performance of test items presumed to be ordered hierarchically by difficulty in each subscale; a higher score reflecting better UL motor function.
Ordinal-scored scales are commonly used in rehabilitation outcome measures; however, they are problematic when applied to investigate treatment efficacy, as parametric statistics cannot be used to compare change scores between experimental groups (6). A change score of 1, improving from a score of 2-3 cannot be assumed to be equivalent to improvement from a score of 5-6 on the same subscale. When ordinal scales, such as the UL-MAS, are administered to evaluate change associated with recovery or therapeutic interventions, psychometric properties additional to the reliability attributes of the scale, are important to establish. The scale should have construct validity and be appropriately calibrated for the clinical group in which it is intended to be administered. The test items should reflect the trait(s) of interest (in this case UL motor recovery), unbiased by the patients' personal attributes (for example their gender or age), and employ test items of appropriate difficulty to be sensitive and responsive to the abilities of the patients (7, 8) .
Rasch analysis is a relatively new mathematical approach that can be applied to investigate the psychometric properties of ordinal scales (7). Rasch analysis uses a probabilistic model, which assumes that the easier the test item, the more likely it will be passed (or performed) by participants (or patients); therefore the more able the person, the more likely they will pass a test item compared with a less able person (9). Ordinal scales that fit the Rasch model expectations can be transformed into equal interval measurement, thus enabling parametric statistical analyses to be used (6). Assumptions regarding construct validity can be explored, to establish if the scale is measuring a single uni-dimensional trait (UL motor function) or is influenced by other constructs (e.g. range of motion, spasticity). Estimates for participant (or patient) abilities and the difficulty of the test items can be calibrated
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ANALySIS MODEL on a common interval scale, a log odds ratio (logits) scale (10). The targeting of test item difficulty in relation to patient abilities can be examined, exposing ceiling and floor effects, as well as the capacity of the test items to distinguish between groups of patients with differing levels of ability (7). Response bias (referred to as Differential Item Function: DIF) related to the personal attributes of different subgroups of patients (e.g. gender, age) can be established and the difficulty hierarchy of test items in the scale can be evaluated (7). Aamodt et al. (11) applied Rasch analysis to evaluate the dimensionality and scalability of all MAS subscales including the UL-MAS test items. These investigators, however, provided little demographic information regarding their stroke participants; therefore the extent to which their findings can be generalized to the application of the UL-MAS in individuals with acute/subacute stroke is uncertain. In addition, they did not examine the validity of the difficulty hierarchy of test items UL-MAS, and they were unable to examine item bias or DIF due to the limited demographic information regarding their sample. Sabari et al. (12) applied Rasch analysis with the primary aim of evaluating the validity of the difficulty hierarchy of the test items within each of the UL-MAS subscales in 100 participants who were a mean of 104 days (range 3 days-6.5 years) post-stroke. These investigators reported inconsistencies in the test items hierarchy and substantial ceiling (28%) and floor (31%) effects in 2 of the 3 subscales. However, the extent to which their calibration of the subscale item difficulties and participant abilities can be confidently applied to the clinical population in which the UL-MAS is generally administered (the acute/subacute phase post-stroke) is uncertain. Their participants had had their strokes as much as 6 years prior to participating in the study and 44-54% of participants were excluded because they had extreme scores (scored 0 or 6 for all test items) leaving data from fewer than 55 cases. Finally, no analysis of item response bias (DIF) was reported.
The current investigation was undertaken as part of a larger study of participants in the acute/subacute phase post-stroke. The aim was to use Rasch analysis to assess the fit of the UL-MAS items, test for potential item bias, check the dimensionality and targeting of scale, and to determine the item difficulty hierarchy.
METHODS

Participants
Ethics approval was obtained from the institutional Human Research Ethics Committees. To be eligible for inclusion in the study, the participants must have experienced their most recent stroke event less than 200 days prior to participating in the study, resulting in unilateral UL impairment. Data were obtained from a total of 80 participants who had a stroke a mean of 64.8 days (standard deviation (SD) 53.3) (range 4-193 days) prior to undertaking the study (Table I ). The participants were recruited from 2 different sources. Thirty participants were assessed on 3 occasions as part of a separate clinical trial; while an additional 50 in-and out-patients with stroke were assessed on a single occasion specifically for the present study. Twelve of the 80 participants (15%) had a history of previous stroke(s). A small proportion of the participants had had a haemorrhage. Forty-eight participants had had cortical strokes, while the lesions of 29 participants were located in the subcortical regions of the brain. Three participants had not undergone imaging and therefore the location of their lesions could not be confirmed.
Data collection
The 30 participants in the separate clinical trial were appraised by a trained assessor on 3 occasions, providing a total of 90 observations. These participants were assessed within 6 weeks of stroke onset (mean 27.3 days (SD 9.4) ; range 8-41 days), on a second occasion a mean of 57.8 days post-stroke (SD 10.3) (range 35-74 days) and, finally, at a third time-point a mean of 159.2 days post-stroke . Additional data were collected from 50 participants with stroke recruited from 3 rehabilitation facilities in the metropolitan Melbourne area. Participating physiotherapy departments were provided with an orientation and a review session to familiarize staff with the data collection form and standardized procedures for administering the UL-MAS. These participants were assessed a mean of 34.4 (SD 38.5) days post-stroke (range 4-178 days). In total 140 sets of scores were obtained. Although there are no clear guidelines concerning the sample size required for Rasch analysis, Linacre (14) suggests that if a scale is well targeted then a sample size of 108 will give 99% confidence of the person estimate being within ± 0.5 logits. The sample size of 140 observations exceeded this value.
Participants were assessed using the 3 UL-MAS subscales: MAS 6: Upper Arm Function, MAS 7: Hand Movements and MAS 8: Advanced Hand Activities. Each subscale consists of 6 test items assessing a range of UL activities along the International Classification of Functioning, Disability and Health (ICF) impairment-activity limitation continuum (15) ( Table II) . All test items in the MAS 6, and the first 3 and final test items in the MAS 7 subscale reflect the impairments of the "Body Functions" domain of the ICF, specifically "control of voluntary movements (b760)" (16) The remaining 2 test items in the MAS 7 and test items in the MAS 8 subscale evaluate activities in the "Carrying, moving and handling objects (d430-449)" category of "Mobility (d4)", and simulated activities reflecting "Eating (d550)", Drinking (d 560)" and "Caring for body parts (d520)" categories of "Self-care (d5)" within the ICF "Activities and Participation" domain (16). 
properties of the MAS upper limb subscale
The test items within each subscale are assumed to be hierarchically organized by difficulty. Once an individual is unable to perform a test item it is assumed that they cannot perform any of the remaining test items, thereby reducing the burden of assessment for the therapist and the patient. A single ordinal score between 0 (unable to perform test item 1) to 6 (able to meet performance criteria for all 6 test items) is recorded for each subscale. For the purposes of this study, administration of the UL-MAS was undertaken according to published scoring criteria and guidelines (3). However, to investigate the test item difficulty hierarchy, all test items were administered to the participant. Each test item was scored using a dichotomous response ("0" = unable to execute item, "1" = able to execute item according to stated performance criteria) ( Table  II) . Factor analysis had previously shown the composite score of the 3 UL-MAS subscales items could be validly applied to quantify motor recovery of the whole UL following stroke (17); hence all analyses were undertaken using the composite UL-MAS.
Data analysis
The RUMM2020 Rasch measurement software program (Version 4.0 1997 (Version 4.0 -2004 , RUMM Laboratory Pty Ltd) was used to perform the Rasch analyses of the combined subscales of the UL-MAS. Following the procedures recommended by Wright (18) the data set was "stacked" including multiple measurements from participants who were assessed across a number of time-points. This procedure can introduce some dependency into the data, but this is likely to be minor (18) and "stacking" provides the advantage of allowing a formal assessment of the invariance of test items over time; an important issue when tools are used to assess change.
All data analysis procedures undertaken followed the recommendations of Pallant & Tennant (19) and Hagquist et al. (20) . The overall fit of the UL-MAS scale was evaluated using χ 2 statistics with non-significant χ 2 probability values (after Bonferroni adjustment for number of items) indicating good fit to the Rasch model (21). Standardized fit residual statistics were also examined, with good fit indicated by a mean score of 0.0 and a SD of 1.0 (22). The fit of individual persons and items was assessed with non-significant χ 2 probability values, and standardized fit residuals of between -2.5 and +2.5 indicating adequate fit (22) .
Response dependency between test items was appraised by inspecting the residual correlation matrix for pairs of items with correlation values greater than 0.3 (23). The violation of the assumption of local independence among the items can artificially inflate reliability measures (24, 25) . Where high residual correlations were detected these items were combined into "testlets" and the reliability estimate compared with the original value obtained. A substantial drop in the PSI or Cronbach's alpha value would indicate local dependency among the items (20) and a potential loss of discriminative capacity for individual application (10).
Uni-dimensionality of the UL-MAS was assessed by performing principal component analyses to identify subsets of items with positive and negative loadings on the first unrotated component. Rasch-derived person estimates from these subsets were compared using a series of t-tests. If more than 5% of these tests are significant (or specifically the lower bound of the binomial confidence interval is above 5%), the scale is deemed to be multidimensional (25).
The presence of item response bias (DIF) was evaluated using analysis of variance for gender, age (≤ 64 years or over 64 years), stroke type (infarct or haemorrhage), general location of the current stroke lesion (cortical or subcortical), and history of previous stroke incident (s) (yes or no). Differential item functioning was also assessed for time since the admission stroke incident (26). This was done to assess the invariance of scores repeated over multiple time-points (27) . The time-points were chosen to represent the approximate time-points at which participants in the separate clinical trial were assessed (≤ 42 days, 43-90 days, and 91-200 days).
After a satisfactory solution was obtained the order of difficulty of the items was checked against the original UL-MAS test order to establish the validity of the difficulty hierarchy of the scale.
The targeting of the UL-MAS as applied to the acute/subacute stroke participants was examined by: (i) calculating mean participant ability in relation to overall difficulty of the UL-MAS test items; (ii) calculating the standard error between test items to establish the "spread" of the item difficulties as a measure of the precision of the scale; (iii) calculating the percentage of participants that were unable to execute any of the test items (floor effects) or capable of completing all test items (ceiling effects). In addition, the Person Separation Index (PSI) calculated by the RUMM2020 programme was applied to estimate the capacity of the UL-MAS to distinguish between or stratify groups of stroke participants with differing UL abilities (10).
RESULTS
Initial fit of the data to the Rasch model
The UL-MAS showed good fit to the Rasch model (χ No significant item response bias (DIF) was detected based on the gender, stroke type, stroke location, stroke history of the participants. Responses were found to be invariant across time and repeated assessments; supporting the decision to combine the data collected at the 3 different time-points. Significant DIF was, however, detected for age for test item 72 (radial deviation of the wrist; F (1,109) = 9.297; p = 0.003). This test item was found to be systematically easier for participants under 65 years of age to perform (-3.291 logits) compared with participants 65 years of age and older with similar abilities (-0.734 logits). It was therefore decided to delete item 72 from the UL-MAS and to test the fit of the remaining 17 items (Table III) . To test the impact of these breaches of local independence on the reliability estimates these pairs of items were combined into "testlets". There was only a very small drop in reliability estimates after combining these items (PSI = 0.95, Cronbach's alpha = 0.93), as compared with the original estimates (PSI = 0.96, Cronbach's alpha = 0.95), indicating no serious breach of the assumption of local independence of the items.
Rasch analysis of the 17-item UL-MAS
Rasch analysis of the 17 remaining test items in the UL-MAS
Principal component analysis confirmed the uni-dimensionality of the scale. Differences in scores between positive and negative loading test items resulted in significant t-tests (p < 0.05) for only 2.85% of participants, which fell well below the acceptable guideline of 5%.
Test item ordering according to estimated difficulty (or item locations) on the logits scale is presented in Table IV . The validity of the difficulty hierarchies for the test items in the MAS 6 Upper Arm and MAS 7 Hand Movements subscales were confirmed. Inconsistencies in the ordering of the test items by difficulty were identified in the MAS 8 Advanced Hand Activities subscale (Table IV) . Test items 83 (drawing horizontal lines) and 84 (making consecutive dots with a pencil) were found to be more difficult for the participants to successfully execute than items 85 (bringing a spoonful of liquid to mouth) and 86 (combing hair at back of head; Table II ).
The targeting of the UL-MAS test items in relation to the abilities of the 140 participant observations on the same generic logits scale are presented in Fig. 1 . The mean person ability estimate for the participants with acute/subacute stroke was -1.21 logits (SD 3.97), suggesting that their abilities were generally less than the difficulty of the test items. Nine percent of participants successfully performed all test items (ceiling effects), while 14% were unable to execute any of the test items (floor effects). The spread of difficulty of the test items is illustrated by the blocks below the horizontal axis in Fig. 1 and item difficulty and standard error values in Table IV . There is evidence of relatively large gaps in the estimated difficulties of some sequential test items (e.g. a difference of over 5 standard errors separates items 61 and 62), while All χ 2 statistics were undertaken with 1 degree of freedom (Bonferroni correction, p = 0.003). 8 were not ordered in accordance with their estimated difficulty (12, 28, 29) . Evidence from the present study supports the psychometric properties of the revised 17-item UL-MAS in individuals in the acute/subacute phase post-stroke. The scale demonstrates acceptable ceiling and floor effects, and an excellent capacity to stratify participant groups in this clinical population on the basis of their UL motor recovery. Rasch analysis has previously been applied to evaluate psychometric properties of the UL-MAS; however, the present study is the first to investigate DIF related to the demographic and stroke-related characteristics of the participants. Item response biases were not found related to the gender, stroke type, stroke location, time since stroke or time-frame of assessment. Significant DIF was, however, detected for test item 72 (radial deviation of the wrist) based on the participant age group (≤ 64 years or 65+ years). It is uncertain why radial deviation of the wrist was uniformly more difficult to perform for the older participants. It could be hypothesized that active range of motion at the wrist might be reduced in older individuals, and they might therefore appear to have reduced active radial deviation of the wrist. However, there was a trend for observed performance on the test item to be inconsistent with expected performance even within the younger age group of stroke participants. These findings suggest factors other than upper limb motor recovery bias performance of this test item. Deletion of item 72 improved the "fit" of the UL-MAS to the Rasch model.
Evidence suggests that decisions regarding deletion of misfitting test items should be taken together with knowledge of the construct validity of the specific item and the measurement scale (30). When the UL-MAS were developed by Carr et al. (3) , radial deviation of the wrist combined with wrist extension were identified as "essential movement components" required for function in grasp and release. A more recent publication by these investigators no longer advocates radial deviation of the wrist as an essential movement to be retrained for reaching and grasping (31). There is kinematic evidence of radial deviation when the trajectory of the hand is adjusted in reaching toward an object (32); however, this movement is thought to be coordinated as part of the total synergy (33) or programme of movement (34), rather than occurring in isolation as tested in the UL-MAS. Therefore, the construct validity of test item 72 is no longer substantiated by current literature. This evidence, taken together with findings of the current Rasch analysis, suggests that item 72 does not add meaningfully to the assessment of motor recovery in the UL-MAS.
DIF analysis was also used in this study to assess the invariance of item response over multiple time-points, an important issue for clinicians and researchers wishing to use the UL-MAS to measure change over time. Observations from 3 time periods were included, with the data "stacked" according to the guidelines recommended by Wright (18) . No DIF was detected for time-point, supporting the invariance of the scale over time, and justifying the comparison of UL-MAS scores across time-points to assess change in UL motor recovery. However, the effect of the potential person dependency upon estimates associated with the repeated measures in some of the study participants is not known and requires further methodological investigation.
While local item dependency could have been problematic due to the original design and scoring of the instrument, only 3 sets of item pairs showed elevated item correlations. Assessment of these item pairs as testlets indicated that these items did not result in any artificial inflation of the reliability estimates, supporting their inclusion in the UL-MAS (20). The level of correlation between the items was not so high as to suggest item redundancy or indicate the removal of items was warranted.
In agreement with previous studies, the UL-MAS test items that required skilful use of a pen or pencil on paper were found to be the most difficult tasks for participants with stroke. The test items within the MAS 8 Advanced Hand Activities subscale were not found to be ordered with respect to hierarchy of difficulty (12, 28, 29) . As recommended previously, clinicians should administer all test items within this subscale to establish the highest level of hand function their patients with stroke are capable of achieving (28, 29) .
Contrary to the findings reported by Sabari et al. (12) , test items in subtests MAS 6 Upper Arm and MAS 7 Hand Movements were found to be ordered with respect to their difficulty. The difference in findings between the present study and the findings reported by Sabari et al. (12) is potentially attributable to the number of observations used to estimate the test item difficulties. The present study examined the composite of the 3 MAS subscales of arm and hand function in participants who were relatively early in their recovery post-stroke (mean 67 days from stroke onset). Twenty percent of 140 observations were excluded from analysis as extreme scores. Item difficulty estimates in the present study were based on 112 observations, and as previously discussed, in accordance to recommendations made by Linacre (35) there were a minimum of 10 observations in all scale categories with the exception of the most difficult test item (Table IV) . Sabari et al. (12) analysed each subscale separately in participants much further along in their post-stroke recovery (mean of 104 days from stroke onset). As a result, a larger proportion of participant observations were classified as extreme scores (44-54%), and estimates of item difficulty were based on half as many observations (55 observations) and smaller numbers of observations within each scale category, leading to less robust estimates for difficulties of the test items.
The present study indicates that the targeting of the revised 17-item UL-MAS was appropriate for participants with acute/ subacute stroke. Floor and ceiling effects can differ depending upon the characteristics of the participants and whether UL-MAS scores are assigned for individual subtests or as a composite score. Floor effects as high as 58% have been reported when the UL-MAS was administered to 48 inpatients with a median of 24 days post-stroke (36), and ceiling effects of 39% have been reported in a retrospective chart audit of 153 patients discharged at a non-specific length of time poststroke from rehabilitation (37). In the present study, the floor (14%) and ceiling (9%) effects of the composite UL-MAS score in participants 14-200 days post-stroke were found to be well within a range indicative of a suitable measurement model (38) .
Evaluation of the spread of difficulty of test items within a scale highlights the balance between the comprehensiveness and precision of the measurement scale, and the clinical utility and burden of assessment in patients after stroke (39). When the spread of the difficulty of test items of the UL-MAS was examined, relatively large gaps of greater than 2 standard errors were found between some sequential test items. This finding was in agreement with the results of Sabari et al. (12) . Nonetheless, the high Person Separation Index (0.96) for the composite scale implies that the scale has a suitable pool of test items so that differences in ability can be differentiated or stratified (10). This reliability value suggests that the 17 item-UL-MAS scale has the precision to stratify participants with stroke on the basis of UL motor recovery into more than 4 different strata (40), providing support for the use of the UL-MAS in evaluating the effectiveness of UL interventions in a clinical trial.
It must be acknowledged, however, that these "gaps" potentially diminish the sensitivity of the UL-MAS to individual changes in UL ability. This limitation has implications for clinical settings where therapists would use the scale in patients with stroke to evaluate change over time. English et al. (41) have reported that the individual UL subscales showed relatively small effect sizes in inpatients with stroke. It is unknown if a larger effect size might have been obtained using a composite UL-MAS score that reflected total UL activity limitation. Sabari et al. (12) have made recommendations regarding the inclusion of additional test items to "fill" the apparent gaps in difficulty between sequential items in the subscales. These recommendations remain to be explored.
In the current study test items were also found to have item locations that were very close together on the logit scale. This finding could be interpreted as an indication of redundancy of items within the scale, however construct validity and the purposes of the scale must also be considered before items are deleted (30). For example, the difficulties of item 85 (bringing spoonful of liquid to mouth) and item 86 (combing hair at back of head) were within 1 standard error of each other. While it could be argued that removing one of these items could provide similar information about the ability level of the participants while reducing burden of administration, each item evaluates different combinations of UL movements and relevant everyday tasks potentially useful to goal setting and treatment planning. Therefore, there is a requirement to balance the need for clinically meaningful data from the requirements of measurement criteria. In addition, given the findings of the present study are based on a relatively modest number of observations, it would be prudent for a future study to re-examine these findings using a larger clinical sample.
In summary, the 3 subscales comprising the UL-MAS have been shown to be a uni-dimensional scale offering a measurement tool that is appropriately targeted for the assessment of UL motor recovery in acute/subacute stroke participants within 200 days of their stroke. Evidence from the present study suggests that the 17-item revised version of the scale has the precision to distinguish or stratify groups of participants with differing UL abilities following stroke, supporting the choice of the composite UL-MAS as a potential outcome measure for use in clinical trials to evaluate the effectiveness of interventions used to improve UL motor abilities post-stroke. Based on these findings it is recommended that researchers and clinicians assess all items in 3 subscales of the UL-MAS in their participants or patients after stroke.
